Recent experiments on the oxidation of ultrathin Mg films have revealed the existence of a correlation between surface reactivity and quantum-size effects. Using ab initio density-functional calculations, we have investigated the electronic properties of epitaxial Mg͑0001͒ films, 5-17 atomic-layer thick, on a W͑110͒ substrate to clarify the origin of this correlation. We find that the decay length in vacuum of the thin-film local density of states at the Fermi energy exhibits a pronounced oscillatory behavior as a function of film thickness. This is expected to have a major impact on the electron transfer rate by resonant tunneling, which is believed to control the initial sticking of O 2 molecules in the oxidation process. We have also examined the atomic-scale properties of the surface, interface, and quantum-well states of the Mg͑0001͒ films on tungsten and the influence of epitaxial strain on the electronic states, in connection with the interpretation of recent photoemission spectra on these systems. In particular, we find strongly coupled surface-interface resonant states that originate from the Shockley surface states of the films. Comparison with photoemission measurements allows an unambiguous identification of the corresponding surface-interface-state splitting.
I. INTRODUCTION
Quantum-well ͑QW͒ states in nanometer thick metal films have been associated with a number of interesting properties, such as magic layer numbers in thin-film growth, [1] [2] [3] oscillatory magnetic interlayer coupling in magnetic multilayers, [4] [5] [6] work-function modulations, 7 and periodic anomalies in thinfilm conductance. 8 Electron confinement in thin films can be achieved by an appropriate choice of a substrate which reflects electronic states. Fully localized QW states can be obtained, e.g., in the presence of an absolute energy band gap or of a symmetry-or wave-vector-dependent band gap of the substrate. QW states that couple, instead, to the Bloch states of the substrate produce resonances, whose degree of confinement in the film depends on the coupling. Direct observations of the energy levels or resonances induced by QW states are provided by photoemission spectroscopy. 9 In particular, in the case of Mg͑0001͒ films grown epitaxially on W͑110͒, well resolved series of QW states and resonances have been reported in several recent photoemission studies. [10] [11] [12] An exciting development related to QW states is the observation of a correlation between quantum-size effects and the surface reactivity of ultrathin Mg films. 13 Experimentally, oscillations were observed in the oxidation rate of Mg͑0001͒ films on W͑110͒, as a function of film thickness, with the largest oxidation rate occurring when a QW state was found to cross the Fermi energy, E F , in photoemission spectra taken near normal incidence. In particular, the changes observed in the initial oxidation rate-when most of the film was still metallic, were found to be dramatic. The precise mechanism behind such changes has been debated in the literature. Although the effect was initially suggested to be due to a change in the density of states ͑DOS͒ at, or near E F , 13, 14 the actual variations in the total DOS of the films at E F cannot simply account for the dramatic oscillations in the reactivity.
We recently proposed a theoretical interpretation of the experimental observations, in which the decay length in vacuum, , of the electronic local density of states around the Fermi energy was suggested to be the key parameter responsible for the changes in the reactivity. 15 Modifications in should have a direct, exponential influence on the electron transfer rate by resonant tunneling, which is believed to control the initial sticking of O 2 on the metal surface. 16 Here we present additional results, based on ab initio calculations, on the electronic properties of Mg͑0001͒ films in the range 5-17 atomic-layer thick on W͑110͒, that provide further support to this interpretation. They confirm the presence of pronounced oscillations in , as a function of film thickness, with the periodic occurrence of maxima when a QW state with wave vector k ʈ =0 ͑probed by normal-incidence photoemission͒ crosses E F , consistent with the trend observed in the surface reactivity. We also examine the atomic-scale properties of the surface, interface, and QW states of the Mg͑0001͒ films on tungsten and the influence of the substrate and of epitaxial strain on the electronic spectra. This allows us to clarify several unresolved issues concerning the interpretation of the photoemission spectra. The investigation of the influence of strain, in particular, provides a possible explanation for a systematic shift in the number of layers observed between calculated and experimental spectra. Based on the analysis of the electronic states with/without the substrate, we discuss the origin of the electronic states probed by normal-incidence photoemission and also address the evolution of these states along the ⌫S direction of the W͑110͒ surface Brillouin zone. Comparison with the experimental spectra yields an unambiguous identification of the two-band splitting associated with the formation of Mg͑0001͒ Shockley surface-interface resonant states. The results are at variance with a recent interpretation of the surface states splitting in the photoemission spectra.
II. COMPUTATIONAL DETAILS
The calculations were performed within densityfunctional theory, using the Perdew-Burke-Ernzerhof exchange-correlation functional. 17 We used scalar-relativistic Troullier-Martins pseudopotentials 18 and a plane-wave basis set. The Mg 3s, 3p, 3d orbitals and the W 5d, 6s, 6p orbitals were treated as valence states, and we used the nonlinear core correction. 19 The details on the pseudopotentials are given in Ref. 15 . The epitaxial films were modeled using slab geometries in a supercell.
For thicknesses above 2 monolayers ͑ML͒, Mg films are known to grow epitaxially on W͑110͒ with lattice parameters corresponding essentially to their bulk values. 20 The mismatches between the experimental in-plane lattice parameters of Mg͑0001͒ ͑a Mg = 3.21 Å , b Mg = ͱ 3a Mg ͒ and W͑110͒ ͑a W = 3.16 Å , b W = ͱ 2a W ͒ are ϳ1.5% and ϳ20% along the W͓001͔ and W͓110͔ directions, respectively. 10, 20 Modeling such epitaxial systems, with the film and substrate each at their bulk lattice-parameters values, would require prohibitively large lateral dimensions of the supercell. We therefore elected to simulate unstrained Mg films on W͑110͒, by laterally straining the W͑110͒ slab to the in-plane lattice parameters of Mg͑0001͒. The epitaxial alignment was made by positioning the atoms of the first W͑110͒ layer, adjacent to the Mg, in the continuation of the Mg ͑0001͒ hcp lattice. We used the calculated values of the bulk lattice parameters: a Mg = 3.19 Å, c Mg = 5.18 Å, and a W = 3.21 Å; relaxation of the Mg surface layers 21 was found to have a negligible influence on . 15 To assess the effect of the substrate, we also investigated the same Mg͑0001͒ films isolated in vacuum ͑free-standing films͒.
For the Mg films on tungsten, we considered slabs including the Mg͑0001͒ film on 7 ML of W͑110͒, terminated by 2 ML of Mg ͑0001͒. The Mg bilayer was introduced to avoid the presence of an electric field in the vacuum region separating the periodic images of the slab. We also used thicker slabs, with 13 ML of W͑110͒, to examine the spatial dispersion of the electronic states. We observed that the energy positions of the resonances and localized states corresponding to the surface, interface, and QW states of the Mg films changed by less than 0.05 eV when going from 7 to 13 ML of W͑110͒. We used vacuum regions with a minimal thickness of 20 Å to obtain well-converged values of . For the plane-wave expansion of the electronic states, we employed a kinetic-energy cutoff of 49 Ry ͑14 Ry͒ for films with ͑with-out͒ the tungsten substrate. 23 The self-consistent calculations were carried out using a ͑20,20,1͒ Monkhorst-Pack k-point grid 24 and a Gaussian electronic-level smearing of 0.02 Ry to determine the Fermi energy. To evaluate the local density of states, we employed a ͑48,48,1͒ k-point grid centered at ⌫ and a Gaussian smearing of 0.005 Ry. The partial density of states of the Mg films on tungsten was determined by integrating the planar average of the local density of states from a position at mid-distance between the interface Mg and W atomic layers to a position in the vacuum 10 Å away from the outermost Mg atomic layer. The decay length was obtained from a fit, assuming an exponential decay of the local density of states at distances beyond ϳ2.15 Å from the outermost atomic plane. With the above parameters, the energy levels for a given slab were found to be converged to within 0.05 eV and to within 0.005 Å. 22 
III. RESULTS AND DISCUSSION

A. Quantum-size effects on the decay length
The calculated decay length of the Mg͑0001͒ films is displayed as a function of film thickness in Fig. 1 , both for the Mg films on W͑110͒ and for the free-standing Mg films. The behaviors are very similar in the two cases. The decay length shows pronounced oscillations, with a first minimum at 7 layers, a maximum at 9 layers, followed by a second local minimum at 15 layers, and an increase up to 17 layers. The presence of the tungsten substrate reduces the amplitude of the changes in from 17% to 10%, but has no significant impact on the position of the extrema. In Fig. 2 , we show the partial densities of states at ⌫ of the Mg ͑0001͒ films on W͑110͒-which correspond to the states probed by normalincidence photoemission. The electronic levels at ⌫ of the free-standing films are also displayed in Fig. 2 , for comparison. There is a close correspondence between the positions of the DOS peaks of the Mg films on W and the positions of the levels of the free-standing Mg films. The largest changes in the peak positions induced by the substrate is ϳ0.2 eV in the range ͓E F − 8 eV, E F +2 eV͔. The states indicated by "SS" in Fig. 2 originate from the Mg͑0001͒ Shockley states of the isolated surfaces of the films; other features correspond to QW states of the films. The atomic-scale properties of these various states are presented in Sec. III B. With increasing film thickness an unoccupied QW states, in Fig. 2 , is found to cross the Fermi energy at ϳ9 layers and a second one at 17 layers, which exactly coincides with the local maxima observed in the decay length in Fig. 1 .
The peak positions of the DOS, in Fig. 2 , compare well with the near-normal-incidence photoemission measurements in the energy range ͓E F − 4 eV, E F ͔, 10,11,13 except for a systematic shift, by about +2 Mg ML, in the number of layers at which QW states cross the Fermi energy in the calculations relative to the experimental spectra. In the calculations, the first QW state with energy higher than the SS states enters the occupied-state spectrum at a Mg thickness of 8-9 ML, and the second one at a thickness of 16-17 ML. Experimentally, the corresponding QW states are found to enter the valence-band spectrum at 6-7 and 14-15 Mg ML. 13 The same systematic shift is observed between the calculated maxima in and the experimental maxima in the reactivity. 13 We attribute this shift mainly to the presence of partially strained Mg layers near the interface. This will be discussed in Sec. III C, where we show that a lateral contraction of the Mg layers induces the entrance of a QW state in the valence spectrum at a lower number of Mg layers, as observed experimentally. We note that the calculated energy levels, in Fig. 2 , compare relatively well ͑to within ϳ0.2 eV͒ with the results of recent pseudopotential calculations performed for the free-standing Mg͑0001͒ films. 25 Our ab initio results indicate that has an oscillatory behavior with the number of Mg layers and is maximal when a QW state at ⌫ crosses the Fermi energy. 26 Such a behavior can be explained based on a model description for considering independent electrons in a square-well potential. 15 The corresponding electronic states read:
and have energies E = E n + ប 2 ͑k x 2 + k y 2 ͒ / 2m ‫ء‬ , where m ‫ء‬ is the electron effective mass and the z axis is taken normal to the film. In the vacuum, n ͑z͒ behaves as:
where
with the zero of energy taken at the vacuum level. E n coincides with the energy E of the subband state n at k ʈ = 0, measured relative to the vacuum level. For a given film thickness L, all states belonging to subband n, with energies E Ն E n have thus the same decay length 1
is located between E n and E n+1 , the dominant decay length of the local density of states at E F is 1 / 2␣ n . With increasing width L of the well, the energies of the QW states decrease with respect to E F ; thus first decreases as 1 / 2␣ n ϳ 1 / ͱ −E n , until the next QW state at ⌫ crosses E F , at which point increases to the new value 1
then decreases again with increasing L, displaying systematic oscillations with L. For a discrete number of atomic layers, the periodicity of the crossing of E F can be derived from the Bohr-Sommerfeld rule, which for Mg͑0001͒ yields a periodicity of 7.7 ML. 10, 13 The particle-in-a-box model predicts thus oscillations in , with local maxima occurring when the highest-energy occupied QW state at k ʈ = 0 is closest to E F , which accounts very well for the trends observed in Figs. 1 and 2.
The changes in the decay length reported here are expected to have a direct, exponential impact on the electron transfer rate by resonant tunneling-from the metal to the O 2 molecule-which has been proposed to control the initial sticking of the oxygen molecules impinging on the surface, via the attractive image charge potential on the ionized O 2 − molecule. 16 Assuming a transfer rate by tunneling proportional to e −d/ , with d the distance between the metal surface and the center of mass of the molecule, and considering a typical distance d of 3.5 Å-within the expected physisorption range of the O 2 molecules, 16 ,27 a 10% variation in produces a 100% change in the transfer rate. Such a change is of the order of magnitude of the experimental change in the oxidation rate at low O 2 exposure, 13 and provides thus a very plausible explanation for the observed reactivity changes.
The oscillations in that we predict from the ab initio calculations are supported by a recent analysis 28 of quantumsize effects in He scattering measurements for ultrathin Pb films on Ge. 29 The latter changes were shown to be due mostly to a displacement of the surface electronic charge density, 28 in contrast to previous interpretations invoking a displacement of the surface atomic layers. 29 We note that the oscillations we find in the decay length of the local density of states near E F may also be related to a recent observation of quantum-size effects on the chemisorption properties of Cu͑001͒ thin films. 30 Furthermore, KKR-layer calculations 31 have indicated that the lifetime of negative ionic states of molecules, adsorbed on supported metal thin films varies with the thickness of the film, through coupling to QW states. This effect ͑not yet measured, to our knowledge͒ was associated, in the calculations, with oscillations in the amplitude, at the position of the molecule, of the density of empty states above E F . This calculated behavior, consistent with the trend we find for , also support the interpretation we propose for the reactivity changes.
B. SS, QW, and interface states
In Fig. 3 , we display the planar average of the probability density of the states label SS, in Fig. 2 , for the 9-layer-thick Mg͑0001͒ film. Both cases of the Mg film on tungsten and of the free-standing Mg film are considered. In the freestanding Mg͑0001͒ film, the Shockley states of the two surfaces strongly overlap, and their interaction gives rise to a split pair of even-and odd-symmetry states relative to the midslab reflection ͑right-hand-side panels of Fig. 3͒ . The splitting is as large as 0.8 eV for the 9-layer film, and increases ͑decreases͒ to 1.4 ͑0.4͒ eV for the 5-͑17-͒ layer film. In the presence of the W substrate, the SS states persist as strong surface/interface resonances, with maxima in the probability density located both in the region of the surface and of the interface Mg layer ͑left-hand-side panels of Fig.  3͒ . The peaks of the SS resonances are only slightly shifted ͑by 0.15 eV or less͒ relative to the corresponding levels of the free-standing films. The ratio of the probability density maxima at the surface relative to the interface is higher ͑lower͒ for the high-͑low-͒ energy SS state, and increases ͑decreases͒ with increasing film thickness.
In Fig. 4 , we show the planar average of the probability density of the QW states at ⌫ with energy in the range ͓E F − 4.5 eV, E F ͔, for the supported and free-standing 9-layerthick Mg͑0001͒ films. Unlike the SS states-which are characterized by a larger probability density at the surface/ interface than in the bulk parts, the QW states of the isolated films display their largest probability density inside the film. Inspection of Fig. 4 indicates that in the presence of the W substrate the QW states with energies in the range ͓E F − 4.8 eV, E F − 2.3 eV͔, which correspond to a gap at ⌫ in the W͑110͒ projected bulk band structure, remain fully localized within the Mg films. This is analogous to the confined QW states found near the Fermi energy in previous ab initio calculations for Ag films on Fe. 35 The present Mg QW states, instead, with energy near the Fermi level-corresponding to the features crossing E F in Fig. 2 -become broad resonances with a large probability density within the W substrate. The resonant character of the QW states which cross the Fermi energy tends to smoothen the oscillations in , in Fig. 1 , relative to the case of the free-standing films.
Two angle-resolved photoemission studies have recently probed the layer-dependent electronic structure of Mg͑0001͒ films on W͑110͒ with similar experimental observations, but conflicting interpretations. 11, 12 The difference concerns the interpretation of the splittings of the Mg͑0001͒ surface state. A splitting of a few tenths of an eV of the surface state was reported, for Mg thicknesses in the range 5-12 ML. 11, 12 This occurs in the k ʈ -space region corresponding to a gap of the bulk W͑110͒ projected band structure, in the energy range ͓E F − 1.9 eV, E F ͔, away from ⌫ . 32, 33 In Ref. 11, this splitting was interpreted as a Rashba splitting of the Mg͑0001͒ surface state, similar to the Rashba splitting previously observed for adsorbate-induced W͑110͒ surface states. 33, 34 In Ref. 12 , instead, the splitting ͑indicated by the solid lines in Fig. 4 of Ref. 12͒ was interpreted as a two-band splitting due to the parity-split Shockley states illustrated in Fig. 3 . This interpretation was based on a highly qualitative comparison with ab initio calculations for the split pair of Shockley states at ⌫ in free-standing Mg films ͑Fig. 3 of Ref. 12͒, which correspond to the SS states displayed in the present Fig. 3 ͑right-hand-side panels͒.
Although our calculations are scalar relativistic ͑spin-orbit averaged͒, and therefore cannot describe the Rashba splitting taking place at k ʈ 0, they are expected to describe well the Shockley surface-interface band splitting, especially at ⌫ . In fact, in Sec. III A, we found good agreement between the calculated DOS of the films on tungsten and the experimental normal-incidence photoemission spectra. Our results also indicate that the tungsten substrate does not induce substantial changes in the energy positions of the SS states at ⌫ , and cannot therefore account for a major quantitative difference between theory and experiment. Comparison of our results, in Fig. 2 , with the measured photoemission data in Fig. 4͑b͒ of Ref. 12 ͑for the 8 ML film͒ indicates that, while the highest-energy surface state SS corresponds the "S" surface band with energy ϳ−1.5 eV at ⌫ in Fig. 4͑b͒ of Ref. 12, the lowest-energy SS state is about 0.9 eV lower in energy and therefore corresponds to the band labeled "QW 1" in Fig. 4 of Ref. 12 . The Shockley surface-interface-state splitting therefore cannot account for the other splitting observed in the S band, in Ref. 12 , which is 1 eV higher in energy. Our results are therefore at variance with the interpretation proposed in Ref. 12 .
In order to better understand the origin of the splitting observed in Refs. 11 and 12, we also performed calculations of the partial DOS of the 8 ML Mg film on tungsten at different k points along the ⌫S direction of the W͑110͒ surface Brillouin zone ͑i.e., the direction also previously examined experimentally 11, 33 ͒. The corresponding band dispersion of the Mg-related states ͑the DOS of the Mg film͒ is shown in Fig. 5 . In this figure we also display the edges of the valence gaps in the calculated W͑110͒ bulk projected band structure ͑PBS͒ at the k points considered. The main stomach gap of the W͑110͒ bulk PBS-which is located, at ⌫ , between −4.3 and −2.3 eV for strained W͑110͒-shrinks along the ⌫S direction and eventually closes within the surface Brillouin zone. Going away from ⌫ , the features associated with the main-stomach-gap states are seen to significantly broaden when crossing the gap edges, as expected from the interaction with the tungsten bulk states. Away from ⌫ , another valence gap opens in the PBS at higher energy, for k Ն 0.25 ⌫S, consistent with experiment. 11, 33 The most striking feature concerning this gap is the occurrence of a new peak associated with a band of localized states within the gap, labeled "SI" in Fig. 5 . We note that the highest energy SS state also leads to a second band of localized states at somewhat lower energy within that gap. This is in qualitative agreement with the experimental observations, 11, 12 although an additional smaller splitting was observed in Ref. 12 .
In Fig. 6 , we present the planar average of the probability density of the state SI and SS with energy E F − 0.25 eV and E F − 0.81 eV, respectively, at the k point 0.4 ⌫S. The state SI has a dominant interface state character and originates mainly from the interaction of the W͑110͒ d-derived surface state 33 with the Mg͑0001͒ SS states. With increasing k along ⌫S, the interface-state component tends to decrease somewhat and the SI state shows an increasing surface-state character. Although the "SS" related state with energy E F − 0.81 eV has still a pronounced surface-state character, one can observe, in Fig. 6 , that it also exhibits a strong interface state component, deriving from the W͑110͒ d surface state. The latter contribution tends to increase somewhat with increasing k. The two-band states in the gap result from the interaction between the SS and W surface state. As we mentioned before, our calculations are scalar relativistic, therefore, some additional splitting ͑Rashba splitting͒ could occur, in principle, outside ⌫ . Very recently, however, a comparative experimental study 36 for Mg films deposited both on W͑110͒ and on Mo͑110͒ showed that the two-band splitting in the upper valence PBS gap is qualitatively similar for the two substrates, at different Mg coverage. As the spin-orbit interaction is negligible in the case of Mo, 33 this demonstrated that the Rashba effect is not the main origin of the observed splitting. The authors of Ref. 36 also pointed out that the parity splitting of the Shockley states is unlikely to be the origin of the observed splitting-although it could not be excluded. By comparing to photoemission data for the clean W͑110͒ surface, they ascribed the latter splitting to the interaction of Mg states with W͑110͒ surface-state resonances. Our results are consistent with this interpretation: we find that the parity-split Shockley states correspond to another pair of split bands and that the pair of localized states within the upper valence gap result from the interaction of the SS state with the W surface state.
C. Effect of strain
In order to understand the shift, between calculation and experiment, in the number of layers for QW states to cross the Fermi energy, we have investigated the effect of strain on free-standing Mg͑0001͒ films. The strain due to the large lattice misfit between Mg and W is expected to be only partially released in the Mg layers closest to the interface. In fact, a recent low energy electron diffraction ͑LEED͒ study has indicated that the first Mg atomic layer, closest to the interface, is strongly contracted along the inplane W͓110͔ direction ͑b axis͒, relative to the bulk Mg͑0001͒ lattice. 20 A 9/10 ͑8/10͒ coincidence was observed between the first ͑sec-ond͒ Mg atomic layer closest to the interface and the W atomic layers, i.e., 9 ͑8͒ Mg atoms for every 10 W atoms, corresponding to a ϳ11% ͑ϳ0%͒ contraction with respect to the bulk Mg lattice. Along the W͓001͔ direction, the Mg-Mg distance of the corresponding layers was found to coincide with the substrate lattice ͑ϳ1.5% contraction relative to the bulk Mg͒, within the experimental precision. In our calculations, we must restrict ourselves to consider identical lateral distortions in the different atomic layers of a given Mg film. Focusing thus on Mg films with thicknesses of 6-7 atomic layers-in the range where experimentally the first Fermilevel crossing takes place-an 11% contraction of the first Mg layer along the b axis corresponds to an average lateral strain ⑀ yy Ϸ −0.02 over these films.
In Fig. 7 , we display the electronic levels at ⌫ of freestanding Mg͑0001͒ films to which we have applied a lateral compressive strain, ⑀ xx = −0.015, ⑀ yy = −0.02. Results are presented both for films which have been elongated in response to the actual inhomogeneous lateral contraction of the film, and films whose length has been kept unchanged. In the former case, the Mg-Mg distance between the first two layers was increased by 5%-which corresponds to the calculated elongation of the free-standing bilayer for an average lateral strain ⑀ xx = −0.015 and ⑀ yy = −0.055, and the rest of the film was elongated by 0.5%, as obtained from macroscopic elasticity theory for a strain ⑀ xx = −0.015. 37 We also reported in Fig. 7 , for comparison, the ⌫ levels of the unstrained films.
The results indicate that the lateral compression alone induces the entrance of a QW state in the valence spectrum between 7 and 8 ML, compared to 9 ML in the unstrained case. The elongation of the film then slightly enhances this trend, leading to the entrance of a QW state at about 7 ML. The reduction in the number of Mg layers for the entrance of a QW state produced by a lateral contraction of the Mg layers is consistent with the shift observed between calculations, for unstrained films, and experiment. The trends and estimate for the shift obtained here indicate that strain in the Mg layers near the interface is a possible explanation for the observed shift.
IV. SUMMARY AND CONCLUSIONS
We have investigated, by means of ab initio calculations, the electronic properties of epitaxial Mg͑0001͒ films, with thicknesses between 5 and 17 atomic layers, on W͑110͒. We ͑Color online͒ Calculated energy levels of free-standing Mg͑0001͒ films to which a lateral contraction, ⑀ xx = −0.015 and ⑀ yy = −0.02, along the Mg ͓1120͔ and ͓1010͔ axis, respectively, has been applied. The solid symbols correspond to films which have been slightly elongated along the Mg͓0001͔ axis, in response to the actual experimental inhomogeneous lateral contraction of the films ͑see text͒ and the empty symbols correspond to films whose length has been kept unchanged. The levels of the unstrained films are also shown for comparison ͑crosses͒. The films include 2-9 atomic layers ͑bottom to top spectra͒. The zero of energy corresponds to the Fermi level.
find that the decay length in vacuum, , of the electronic local density of states at the Fermi energy exhibits pronounced oscillations with film thickness. The decay length is maximal when a quantum-well state passes through the Fermi energy. This behavior is explained based on particlein-a-box-model predictions for . The changes in are expected to have a major impact on the tunneling rate in the electron transfer mechanism, which is believed to control the initial sticking of O 2 in the oxidation process. We have also examined the atomic-scale properties of the surface, interface, and quantum-well states of the Mg͑0001͒ films on tungsten and the influence of epitaxial strain on the electronic spectra, in connection with the interpretation of recent photoemission spectra on these systems. The investigation of the effect of strain, in particular, provides a possible explanation for the shift in the number of layers observed between calculated ͑unstrained͒ and experimental spectra. The study of the electronic states with/without the tungsten substrate show that the parity-split Shockley states of the isolated surfaces of the films persist as strong resonances in the presence of the substrate. Comparison with the photoemission spectra provides an unambiguous identification of the corresponding two-band splitting. Furthermore, the investigation of the electronic states of the film with wave vector k ʈ along the ⌫S direction of the surface Brillouin zone helps settling a controversy concerning the microscopic origin of two bands of Mg surface-related states located in a pocket gap of the W͑110͒ projected bulk band structure.
